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Abstract     22 
  23 
Thermogravimetric and kinetic data of degradation of groundnut (Arachis hypogaea)  24 
shell (GNS) in air or nitrogen have been analyzed in this study. The elemental  25 
composition, ash content and gross calorific value of GNS have been compared with  26 
other biomass fuels. Thermogravimetric analysis has been conducted from 25 to 1,000 °C  27 
where substantial weight reduction commences at 230 °C after which, three distinct  28 
degradation stages based on consecutive degradation of hemicellulose, cellulose and  29 
lignin for both gases are noticeable. Kinetic analysis via linear regression analysis has  30 
been performed by means of LINEST function from Microsoft Excel. The activation  31 
energies for the degradation stages range from 57.50 to 279.82 kJ/mol (air) and 76.71 to  32 
110.78 kJ/mol (nitrogen). Findings from this study can help shed light on the  33 
effectiveness of GNS as a combustible biomass for small-scale energy generation.   34 
  35 
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1.  Introduction  45 
  46 
Groundnut (Arachis hypogaea) (or peanut) is a species in the legume (bean) family  47 
cultivated extensively in Asia and America for its edible oil and numerous uses in the  48 
food industry. Raw-shelled groundnuts are regularly consumed and widely used as an  49 
ingredient or base material in a variety dishes
1. Groundnut shells (GNS) are produced in  50 
copious amount annually by the food processing industry as well as domestic consumers  51 
and generally considered as an agricultural by-product. It is reported that up to 26  52 
thousand metric tons of such shells are produced each year in the United States alone
2.  53 
Thermochemical conversion of such lignocellulosic wastes is therefore practical since it  54 
represents a two-pronged approach in addressing its disposal problem as well as  55 
providing an inexpensive auxiliary fuel. Zhang et al.
3 recently review the principles,  56 
reactions and applications of four fundamental thermo-chemical processes (combustion,  57 
pyrolysis, gasification, and liquefaction) for bioenergy production from lignocellulosic  58 
materials, as well as recent developments in these technologies.  59 
  There have been several studies involving usage of GNS as biomass fuel which  60 
underline its good potential as fuel for combustors or thermochemical converters. Quadri  61 
et al.
4 reported on the physical and fuel properties of GNS and discovered that it had a  62 
heating value approximately two-thirds that of soft coal and showed high combustion  63 
efficiencies in cyclone furnaces. In recent times, GNS has been used as either standalone  64 
biomass fuel
5,6 or a component in a biomass blend
5,7 within laboratory or pilot-scale  65 
thermal energy system setups. Complete combustion or effective conversion of GNS by  66 
pyrolysis into char necessitates a good knowledge of combustion and pyrolysis kinetics  67   4
for the proper design of large-scale combustors or thermochemical converters. As such,  68 
thermogravimetric analysis is essential for determining the evolution of GNS components  69 
with respect to temperature which subsequently affords useful kinetic data. In essence,  70 
previous GNS thermogravimetric studies focused more on pyrolysis aspects
8,9 while the  71 
combustion aspect (degradation under oxygen-rich atmosphere) was not extensively  72 
studied nor compared.   73 
  The main objectives of the study are to analyze and compare the thermogravimetric  74 
and kinetic data of thermal degradation of GNS in air and nitrogen environments so that  75 
these data can be used for future design of combustors or thermochemical converters. For  76 
this purpose, kinetic reaction parameters have been determined by using a kinetic model  77 
derived using the established Arrhenius equation  78 
  79 
2.  Experimental  80 
  81 
Groundnuts were bought from a local supermarket. They were processed and packed  82 
in a factory located in the state of Perak, Malaysia. Their shells were removed and  83 
subsequently ground and mixed thoroughly to ensure homogeneity. Elemental analysis of  84 
the shell was performed using Flash EA 1112 ThermoFinnigan elemental analyzer at the  85 
Faculty of Chemical Engineering, Universiti Teknologi MARA, Malaysia where results  86 
were indicated as percentages of carbon, hydrogen and nitrogen. Thermogravimetric  87 
(TG) analyses were conducted using Mettler-Toledo TGA/SDTA851 Thermogravimetric  88 
Analyzer. The analyzer was programmed to increase temperature at a rate of 10 °C/min  89 
(temperature range: 25 to 1000 °C) under either pure nitrogen environment or air  90   5
atmosphere with a flow rate of 50 mL/min. The TG and derivative TG (DTG) curves  91 
were recorded in tandem with temperature increment. The gross calorific value was  92 
determined using an adiabatic calorimeter bomb (IKA-WERKE C5003). All analyses  93 
were conducted as least twice to ensure result consistency.   94 
  95 
3.  Results and Discussion  96 
  97 
3.1 Composition and calorific value  98 
  99 
Raveendran et al.
10 reported the typical biomass composition of GNS as 35.7 wt %  100 
cellulose, 18.7 wt % hemicellulose, 30.2 wt % lignin and 10.3 wt % extractives in dry  101 
basis. To afford a more thorough investigation, elemental analysis (ultimate analysis) was  102 
conducted in this study. Table 1 shows the elemental composition, ash content and gross  103 
calorific value of GNS and comparison with other biomass fuels.   104 
The elemental composition, ash content and gross calorific values obtained for GNS  105 
in this study are relatively consistent with those reported for other biomass fuels. The  106 
gross calorific value represents the experimental value of the higher heating value (HHV)  107 
concept in which the latent heat of vaporization of water in the combustion products is  108 
taken into account. The HHV at constant pressure measures the enthalpy change of  109 
combustion with the inclusion of water condensation
11. In this study, the gross calorific  110 
value of Malaysian GNS appears to be lower than the GNS from other countries though it  111 
is still comparable to other biomass fuels. This is reflected by the correspondingly low  112 
carbon percentage in GNS compared to other biomass. Nonetheless, it is construed that  113   6
the GNS may still be suitable for small-scale energy recovery initiatives with particular  114 
emphasis on domestic energy consumption.   115 
  116 
3.2 Thermogravimetric analysis  117 
  118 
Fig. 1 shows the TG and DTG curves of GNS in air and nitrogen flows. For both  119 
flows, the weight loss of GNS was approximately 5 % from 25 to 130 °C due to  120 
vaporization of moisture. This observation is in agreement with our previous work for  121 
rice husks
12 where decrease in weight by 5 % was also observed throughout the same  122 
temperature range.   123 
Significant GNS weight reduction commences at 230 °C after which, three distinct  124 
degradation stages for both flows are noticeable. These three stages occur within the  125 
temperature ranges 230 – 385 °C (A1), 385 – 500 °C (A2) and 740 – 950 °C (A3) for air  126 
flow. The degradation is significant within temperature ranges 230 – 385 °C (N1), 385 –  127 
800 °C (N2) and 800 – 950 °C (N3) for nitrogen flow. These constitute weight %  128 
reductions of approximately 50 % (A1), 30 % (A2), 10 % (A3), 47 % (N1), 20 % (N2)  129 
and 21 % (N3). The thermal decomposition of GNS can be elucidated on the basis of the  130 
decomposition behaviors of its major components: cellulose, hemicellulose, lignin and  131 
ash
13,14. Hemicellulose decomposes primarily between 150 and 350 °C, cellulose  132 
decomposes between 275 and 350°C and lignin undergoes gradual decomposition  133 
between 250 and 500°C
15,16. Degradation stages A1 and N1 are due to decomposition of  134 
both hemicellulose and cellulose; a postulate supported by the observed temperature  135 
degradation ranges and previous observation that GNS is composed of about 50 wt %  136   7
cellulose and hemicellulose reported by Raveendran et al.
10. The pyrolysis process  137 
(nitrogen atmosphere) trend observed at N1 is also consistent with findings reported by  138 
Bonelli et al.
8 and Souza et al.
9.   139 
At temperatures higher than 450 °C, the TG and DTG curves for air and nitrogen  140 
evidently differ from one another. The gradual and marginal weight loss at stage N2  141 
clearly reflects the decomposition of lignin into char. Sharma et al.
17 suggest that the  142 
highly-crosslinked aromatic component of the lignin is very resistant to thermal  143 
degradation and the small weight loss at temperatures after 400 °C is possibly due to the  144 
elimination of phenolic type carbons. In the case of oxygen flow, where CO2 is likely  145 
produced, the degradation rate at stage A2 is more rapid where the observed 30 wt % loss  146 
directly reflects the total lignin composition in GNS. The last oxidative stage A3 is likely  147 
caused by combustion of the char residues (or ‘extractives’). It is likely that these char  148 
residues are residual aromatic rings which remain essentially intact at temperatures lower  149 
than 740 °C
17.   150 
Our DTG results indicate smooth degradation curves at A1 and N1. These are termed  151 
as ‘‘non-shoulder peak” curve by Shen and co-researchers
18. They suggested that one of  152 
the reasons that the DTG curve does not show a ‘shoulder’ peak is that the biomass  153 
contains low quantity of hemicellulose. This is consistent with our results since GNS  154 
contains relatively lower amount of hemicellulose compared to other biomass such as  155 
coconut shell or rice husks
10. It is possible that the peak of hemicellulose decomposition  156 
is concealed by that of cellulose, while the temperature demarcation for hemicellulose  157 
decomposition is overlapped with that of cellulose which dominates the first stage of  158 
thermal decomposition of GNS
18.   159   8
3.3 Kinetic analysis  160 
  161 
The method used in the kinetic analysis is similar to a previous study conducted by  162 
the author
12. Kinetic analysis for GNS degradation under air or nitrogen atmosphere is  163 
important to quantify the relevant parameters necessary for design of combustor for  164 
energy recovery purposes and to provide a detailed explanation of the degradation  165 
process. Kinetic reaction parameters are determined using the established Arrhenius  166 
equation
12,13,19,20:   167 
                                           (1)  168 
where k = rate constant, A = frequency factor, R = universal gas constant, T = absolute  169 
temperature, and E = activation energy of the reaction. According to IUPAC, the  170 
frequency factor, A expresses the empirical temperature dependence of the rate  171 
coefficient on temperature. Global kinetics of the revitalization reaction is expressed as
19:   172 
  173 
                                                                                      (2)  174 
where wo = initial mass at the start of thermal degradation, wf = final mass at the end of  175 
thermal degradation, w = mass at time t, 
dt
dw
 = ratio of change in mass with respect to  176 
time, and n = order of reaction. By integrating equations (1) and (2), the following  177 
expression is obtained:  178 
  179 
                                                  (3)  180 
Equation (3) can be expressed in the following form:  181 
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Constants B, C and D are determined using linear regression analysis for stages A1, A2,  185 
A3, N1 and N3. For N2, this analysis is not conducted because there is no discernible  186 
DTG peak observed at this stage. By using the LINEST function in Microsoft Excel, the  187 
relations B, C and D are quantified and subsequently, A, E and n can be determined
12.  188 
The LINEST function essentially provides statistical information that describe a linear  189 
trend matching known data points, by fitting a straight line using the least squares  190 
method. The sets of dependent variable (y) and independent variables (x and z) have been  191 
specified from our thermogravimetric data. The third and fourth arguments in the  192 
function are specified to be ‘TRUE’ so that constant B is not equal to nil and the  193 
statistical parameters used to assess the ‘goodness of fit’ of our data to the Arrhenius  194 
model can be indicated in the working spreadsheet.   195 
  Table 2 shows the kinetic and statistical parameters as a result of the regression  196 
analysis. The Arrhenius equation shows the dependence of the rate constant of the  197 
degradation process on the temperature. Detailed analysis indicates that the experimental  198 
data generally fit the Arrhenius model rather well since the correlation of determination,  199 
R
2 values are higher than 0.9 for all stages except A1. At this juncture, we surmise that  200 
stage A1 data require a model-free approach represented by the isoconversional method  201 
(multiple-heating rate method) recommended by Vyazovkin and Wight
21 as opposed to  202 
the single-heating rate method used in our study. This isoconversional method yields  203 
similar dependencies of the activation energy on the extent of conversion for isothermal  204 
Dz Cx B y + + =  10
and nonisothermal experiments (ibid). Nevertheless, we feel that our non-isothermal  205 
approach may afford fast estimation of kinetics parameters for thermal degradation of  206 
GNS.  207 
  The statistical σres values indicate the degree of consistency between the predicted  208 
and experimental data points in which the lower the σres value, the closer the predicted  209 
data points are to experimental data points (i.e. the residuals are the differences between  210 
experimental and predicted values). It appears that both the nitrogen and air flow data fit  211 
the Arrhenius model quite well as indicated by their generally favorable R
2 and σres  212 
values. Therefore, comparison of ‘goodness of fit’ between the two flows is probably  213 
moot. The nil SSres values recorded for stages A2 and N3 implies that the Arrhenius  214 
model can be, to an extent, used to accurately predict their thermal degradation kinetics  215 
parameters.   216 
  From Table 2, stage A3 presents a rather interesting observation given that its A, E  217 
and n values are significantly higher than that of A1 and A2. The substantially higher E  218 
value (279.82 kJ/mol) provides a first indication that the energy barrier associated with  219 
combustion of the char residues (mostly composed of highly stable polycyclic aromatic  220 
compounds) is much harder to overcome and therefore necessitates longer time to  221 
complete compared to combustion of cellulosic compounds at A1 and A2. This indicates  222 
the high thermal stability of polycyclic aromatic compounds which only experience  223 
substantial degradation at temperatures higher than 740 °C. The obtained E and A values  224 
are quite consistent with other reported biomass such as corn stalk, wood chip and cotton  225 
(Table 3).  226 
  227   11
4.  Conclusions  228 
  229 
Characterization results imply that the GNS may be useful for small-scale energy  230 
recovery systems judging by its adequate gross calorific value (approximately 15 MJ/kg).  231 
Significant GNS weight reduction commences at 230 °C after which, three distinct  232 
degradation stages for both flows are noticeable. These three stages occur within  233 
approximate temperature ranges 230 – 385 °C, 385 – 500 °C and 740 – 950 °C for air  234 
flow while degradation is significant within temperature ranges 230 – 385 °C, 385 – 800  235 
°C and 800 – 950 °C for nitrogen flow. The activation energies for the degradation stages  236 
range from 57.50 to 279.82 kJ/mol (air) and 76.71 to 110.78 kJ/mol (nitrogen). The  237 
substantially higher E value (279.82 kJ/mol) for the last GNS combustion stage implies  238 
that the energy barrier associated with combustion of the char residues is much harder to  239 
overcome and therefore necessitates longer time to complete compared to combustion of  240 
cellulosic compounds.   241 
  242 
  243 
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Table 1  297 
Elemental composition, ash content and gross calorific value of GNS and comparison  298 
with other biomass fuels.  299 
  GNS – 
this study 
GNS – 
Argentina
a 
GNS – 
India
b 
Rice 
husk
b 
Corn 
cob
b 
Coconut 
coir
b 
             
Elemental analysis             
Carbon (%)  40.08  47.40  48.30  38.90  47.60  47.60 
Hydrogen (%)  4.88  6.10  5.70  5.10  5.00  5.70 
Nitrogen (%)  0.79  2.10  0.80  0.60  -  0.20 
             
Ash content (%)  2.56  1.70  5.90  23.50  2.80  0.90 
             
Gross calorific 
value (MJ/kg) 
15.12  18.60  18.65  15.29  15.65  14.67 
             
aFrom [8].  300 
bFrom [10].  301 
  302 
  303 
  304 
  305 
  306 
  307   15
Table 2  308 
Kinetic and statistical parameters determined using LINEST function.  309 
Atmosphere  Degradation 
stage 
Temperature 
range (°C) 
A (min
-1)  E 
(kJ/mol) 
n  R
2  Standard 
deviation of 
the residuals, 
σres 
Regression 
sum of 
squares, 
SSreg 
Residual 
sum of 
squares, 
SSres 
                   
Air  A1  230 – 385  1.76×10
4  57.50  0.3768  0.7908  0.7717  2.2504  0.5955 
                 
A2  385 – 500  9.85×10
4  81.23  0.1924  0.9999  0.0001  0.5668  0 
                 
A3  740 – 950  3.45×10
12  279.82  1.1606  0.9601  0.5042  12.2230  0.5084 
                   
Nitrogen  N1  230 – 385  1.16×10
6  76.71  0.4703  0.9987  0.0724  4.0843  0.0052 
                 
N3  800 – 950  1.10×10
4  110.78  0.1698  0.9999  0.0001  0.2226  0 
     
             
  310 
  311 
  312 
  313 
  314 
  315 
  316 
  317 
  318 
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Table 3  320 
Comparison of kinetic parameters with other biomass.  321 
Biomass  Degradation 
reaction 
Temperature 
range (°C) 
A (min
-1)  E (kJ/mol)  n  Reference 
Corn stalk  Pyrolysis  200 – 400  3.16×10
3  66.52  ≈ 1  [22] 
Wood chip  Pyrolysis  200 – 400  1.42×10
6  85.39  ≈ 1  [22] 
Cotton  Pyrolysis  200 – 400  2.93×10
14  200.90  ≈ 1  [22] 
Sugarcane bagasse  Combustion  25 – 950  –   75 – 116  0.5  [23] 
Sugarcane bagasse  Pyrolysis  25 – 950  –   58 – 71  0.5  [23] 
Cotton stalk  Combustion  25 – 950  –   113  0.5  [23] 
Cotton stalk  Pyrolysis  25 – 950  –   77  0.5  [23] 
Rice husks  Combustion  25 – 1,000  11.17  28.74  0.22  [12] 
Rice husks  Pyrolysis  25 – 1,000  1.94 × 10
6  80.44  0.44  [12] 
Groundnut shell  Combustion  25 – 1,000  1.76×10
4 to 
3.45×10
12 
57.50 to 279.82  0.3768 to 
1.1606    
This study 
Groundnut shell  Pyrolysis  25 – 1,000  1.10×10
4 to 
1.16×10
6 
76.71 to 110.78  0.1698 to 
0.4703   
This study 
  322 
  323 
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Fig. 1. (a) TG and (b) DTG curves of GNS in air and nitrogen flows.  327 